ABSTRACT. The aim of this study was to evaluate the performance of three new high-risk human papillomavirus (HPV) assays for primary cervical cancer screening, by using self-collected samples, and to identify an HPV assay that could overcome the major obstacles faced during large-scale population-based screening. Two hundred and ten women showing abnormal cervical cytology (and referred for a colposcopy) were recruited in this study. Self-collected samples obtained from all women were tested with the Cobas, Seq, and BioPerfectus Multiplex Real Time HPV assays; simultaneously, clinician-collected samples (from the same women) were tested with the gold-standard Cobas HPV assay. The results of all the assays were consistent. The sensitivity, positive predictive value, and negative predictive value for cervical intraepithelial neoplasia 2+ (CIN2+) and CIN3+ were comparable between the self-collected samples tested with the three new assays and the clinician-collected samples tested with the Cobas HPV assay (P > 0.05). The single-genotype HPV load per sample did not differ significantly between the self-and clinician-collected samples (P = 0.195). In conclusion, the results of this study demonstrated the applicability of the three new HPV assays for primary cervical cancer screening based on self-collection.
INTRODUCTION
Cervical cancer is the third most common cancer in women, accounting for 13% of all cancers. Approximately 528,000 women were diagnosed with cervical cancer worldwide, resulting in 266,000 deaths, with 85% of the cases occurring in developed countries (Ferlay et al., 2015) . Persistent high-risk human papillomavirus (HPV) infection is a prerequisite for the development of cervical cancer. Cervical cancer screening has successfully decreased its incidence and mortality (Fitzmaurice et al., 2013) . However, several aspects of traditional cervical cancer screening programs are yet to be realized in low-resource countries.
China is the most populous country in the world; 70% of the Chinese population is currently living in rural regions. Cervical cancer incidence is typically highest in the rural areas of China (Yang et al., 2003) . Many women living in low-resource regions or rural areas do not have access to regular screening for cervical cancer. Several population-based cervical cancer screening studies conducted over the past few decades have identified high-risk HPV DNA testing as an appropriate primary screen for cervical cancer in low-resource regions or countries (Qiao et al., 2008; Sankaranarayanan et al., 2009; Ronco et al., 2010) . The results of 17 cross-sectional and population-based cervical cancer screening studies conducted in 30,371 women from various parts of China revealed that HPV DNA testing was a highly sensitive and moderately specific screening method for cervical intraepithelial neoplasia 3+ (CIN3+) and higher types of cancer (Zhao et al., 2010) .
The past 16 years have seen the introduction of vaginal self-collection for cervical cancer screening as a way to reach the medically under-served. The available literature suggests that self-sampling is more acceptable and has good performance, contributing to the increase in cervical cancer screening coverage (Arbyn et al., 2014) . The clinical performance of self-sampling in the context of cervical cancer screening is currently being assessed using established assay platforms common to clinical laboratories. To date, very few studies have attempted to validate HPV testing using self-collected vaginal samples.
In this study, we have attempted to evaluate three new HPV assays for cervical cancer screening -the Cobas 4800 HPV Assay (Roche Molecular Systems, Risch-Rotkreuz, CA, USA), Seq HPV Assay (BGI Shenzhen, Shenzhen, China), and BMRT HPV Assay (BioPerfectus Technologies, Taizhou, China) -for self-collected samples. The cell count and viral load in the self-and clinician-collected samples were compared to prove the feasibility of self-sampling.
MATERIAL AND METHODS

Study population
Two hundred and ten patients aged 18-56 years with abnormal cervical cytology (≥ atypical cells of undetermined significance [ASCUS] ) and presenting a positive HR-HPV test (HC II assay) were recruited from the Peking University Shenzhen Hospital between September 2013 and December 2013. Signed informed consent forms were obtained from all participants after being informed about the goals and specific conduct of the study. The clinical trial was approved by the Institutional Review Board of the Peking University Shenzhen Hospital.
Specimen collection
Self-collected samples were obtained from each participant prior to their speculum examination using a cone-shaped brush (Qiagen, Venlo, Netherlands). After self-collection, a direct endocervical sample was obtained by a physician using a vaginal speculum, using the same type of brush. The clinician-collected endocervical sample was processed for the Cobas HPV assay. Self-collected samples were processed in the following order: the Cobas HPV assay (Roche Molecular Systems), Seq HPV Assay (BGI Shenzhen), BMRT HPV Assay (BioPerfectus Technologies).
Cobas HPV assay
Cobas HPV assay, an automated assay run on the Cobas 4800 system, is used to identify HPV DNA from among 14 high-risk HPV types. HPV DNA is isolated from a cell scraping and mixed with HPV DNA-specific primers and probes in reaction wells. The fluorescence produced by this reaction is then measured to determine the presence of HPV in the sample. The assay is designed to specifically identify HPV types 16 and 18 and concurrently detect the remaining 12 high-risk HPV types (31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68) . The assay was performed by laboratory staff trained by Roche Molecular Diagnostics by using the manufacturer protocols.
SeqHPV assay
SeqHPV assay is a HPV genotyping assay that uses multiplex PCR and next generation sequencing (BGI Shenzhen) to detect 14 HR-HPV types. The SeqHPV assay was used to amplify the approximately 150 bp of the HPV L1 gene using a series of unique primers. The human β-globin (HBB) gene was used as the internal quality control (Yi et al., 2014) .
BMRT HPV PCR assay
PCR primers and corresponding TaqMan probes were developed for the 21 most prevalent HPV types to amplify the HPV L1 gene, including 18 HR-HPV genotypes (HPV 16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73, and 82) , and 3 LR-HPV genotypes (HPV 6, 11, and 81). To control DNA quality and determine the relative viral copy numbers in the samples, a single-copy gene encoding DNA topoisomerase III (human TOP3) was amplified in the reaction.
Statistical methods
The association between categorical measures was assessed using the Pearson chisquare test. Kappa coefficients were used for analysis. The Wilcoxon signed-rank test was used to calculate the viral load and cell counts. All tests were performed at a significance level of 0.05. The software platform SPSS v.17.0 (IBM, Armonk, NY, USA) was used for all analyses.
RESULTS
Of the 210 patients, at least one of the samples obtained from 13 patients were insufficient, and were excluded from the study. Samples from the remaining 197 patients (mean age, 39.3 years; range, 18-56 years) were analyzed.
Concordance of the four HPV assays
We observed that results of the Cobas HPV assay of the clinician-collected endocervical samples (Cobas-clinician) were in agreement with the results of the Cobas HPV (Cobas-self), SeqHPV (Seq-self), and BMRT HPV (BMRT-self) assays of the selfcollected samples, with Kappa values of 0.78, 0.70, and 0.70, respectively. For the HPV-16 or -18 positive samples, the concordance rates between the Cobas-clinician assay and the Cobas-self, Seq-self, and BMRT-self assays were 95.31%, 92.18%, and 96.88%, respectively. The HR-HPV results of Cobas-self, Seq-self, and BMRT-self were consistent with those of Cobas-clinician by 95.40% (166/174), 94.83% (165/174), and 95.40% (166/174), respectively (Table 1) . 
Detection efficiency of four HPV assays for CIN2+ and CIN3+ cancers
The sensitivity, positive predictive value (PPV), and negative predictive value (NPV) of the four HPV assays for screening cancers at CIN2+ and CIN3+ stages are summarized in Tables 2 and 3 , respectively. The sensitivity, PPV, and NPV of the three new assays did not differ significantly from those of Cobas-clinician for CIN2+ and CIN3+ cancers.
Comparison of the HPV load and cell count in self-and clinician-collected samples
We compared the single-genotype HPV load and cell counts between self-collected and clinician-collected samples using BMRT HPV assays; we observed no significant changes in the single-genotype HPV load per sample between the self-and clinician-collected samples (P = 0.195). However, self-collected samples had significantly higher cell counts than cliniciancollected samples (P < 0.001) ( Table 4 ; Wilcoxon signed-rank test). 
DISCUSSION
In this study, we focused on the clinical application of three self-sampling-based HPV assays for cervical cancer screening, in order to identify an HPV assay that could overcome the major obstacles faced by self-sampling, such as throughput, cost, sensitivity, and compatibility, in order to improve their usability in large-scale screening programs.
The Cobas HPV assay was approved by the FDA in April 2011 for screening patients aged 21 years and above with abnormal cervical cytology and for adjunct use in women aged 30 years and above with normal cervical cytology, to assess the presence or absence of highrisk HPV genotypes. The Cobas HPV test and Cobas 4800 clinical system were validated in the ATHENA trial (Wright et al., 2015) . The Cobas HPV test was approved by the FDA in 2014, as the only HPV assay providing specific genotyping information for the high-risk HPV types 16 and 18, while simultaneously reporting the 12 other high-risk HPV types as a pooled result in a single run from one patient sample. However, very few studies have reported the use of the Cobas HPV assay in cervical cancer screening by using self-collected samples.
A high-throughput HPV genotyping assay based on multiplex PCR and nextgeneration sequencing (NGS) technology was developed by BGI, China in 2014. This assay could be used for large-scale screening as the maximum throughput of this assay is >1,200 samples/run. Moreover, this assay was optimized to control the cost at <$5.00/case. This assay could be used to detect the presence or absence of one or more 14 HR-HPV types, using the human β-globin gene (HBB) as the internal quality control (Yi et al., 2014) .
The BMRT HPV assay was developed by BioPerfectus Technologies in 2014 to detect 18 HR-HPV genotypes and three LR-HPV genotypes. This test was approved by the Chinese FDA in 2015. This test used a single-copy gene encoding DNA topoisomerase III (human TOP3) as the internal quality control, as well as to determine the relative viral copy numbers in the samples.
Previous studies have demonstrated that the sensitivity of a self-collected sample was comparable to that of a physician-obtained specimen when polymerase chain reaction (PCR)-based technology was used for the analysis (Belinson et al., 2010; Du et al., 2011; Belinson et al., 2012) . In this study, clinician-collected specimens analyzed using the Cobas HPV assay comprised the control group; these samples were used to validate and confirm the comparable performance of the three new assays using self-collected samples to those of assays conducted on clinician-obtained specimens. First, we observed a very strong agreement between the results of three novel HPV assays for a self-collected sample and that of a Cobas HPV assay for a gold-standard physician-collected endocervical sample. Furthermore, the kappa, positive concordance, and negative concordance values for analysis of the self-collected samples with the three HPV assays were comparable to those for analysis of the clinician-collected samples with the Cobas HPV assay. Second, the sensitivity, PPV, and NPV of the novel assay-tested self-collected samples were similar to those of the Cobas HPV assay-tested clinician-collected samples for CIN2+ and CIN3+ (P > 0.05).
Previous studies have postulated that self-collected samples contain insufficient vaginal and cervical cells and HPV load, resulting in detection failure. We validated this hypothesis using the BMRT HPV assay. We found that the cell counts were significantly higher in self-collected samples than in clinician-collected samples. However, we attributed this to a greater number of vaginal cells, and not cervical cells, being collected by the patients. However, the HPV load was comparable between the self-and clinician-collected samples. Therefore, we concluded that vaginal self-sampling could be feasible for HR-HPV testing using a PCR-based assay.
The most significant strength of this study was that the three HR-HPV assays were performed in self-and clinician-collected samples obtained from over 210 women. However, this study also has some limitations: first, a population-based design was not used for cervical cancer screening, and second, very few of the samples were deemed insufficient for analysis.
In conclusion, this study was used to demonstrate the performance of three new assays in detecting HPV infection in self-collected samples. Moreover, as the three HPV assays can report type-specific HPV, they allow for the selection of high-risk types as a secondary screen to further improve the specificity of the management algorithm. The self-collection of samples and the three HPV novel assays could help ensure the centralized, high-throughput, sensitive, low-cost-per-case processing of samples obtained from individuals at high risk of cervical cancer within a short period of time.
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